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Abstract Texas is experiencing increasing seismicity, likely related to the oil and gas production process.
We used satellite InSAR (Interferometric Synthetic Aperture Radar) to monitor surface deformation at
three study sites in western Texas with similar geologic characteristics. The deformation data were compared
to earthquake distribution, groundwater changes, volumes of produced and injected ﬂuid, and calculated
pore pressure change and Coulomb failure stress change to assess causes of deformation and seismicity.
Site 1 experienced surface uplift due to ﬂuid injection but no increase in seismicity. The average media
properties were estimated based on the deformation using a poroelastic model. Site 2 experienced subtle
surface subsidence and elevated seismicity. Subsidence here might reﬂect groundwater withdrawal.
Simulated pore pressure changes using MODFLOW suggest the earthquakes are likely induced by ﬂuid
injection. Site 3 experienced signiﬁcant surface subsidence and seismicity. InSAR time series, water level
data, and oil/gas extraction history suggest that subsidence in the northern part of this site reﬂects oil/gas
extraction, while subsidence in the southern part is mainly due to groundwater withdrawal. An Okada
tensile model was used to derive the equivalent source strength causing the subsidence, then Coulomb
failure stress changes associated with this source were calculated. We found that pore pressure change
(simulated using MODFLOW) due to ﬂuid injection is likely the main contributor to elevated seismicity at
this site. Variations in oil/gas production activity, seismicity, and surface deformation between our three
sites suggest the importance of local rock structure and media properties in determining susceptibility to
induced seismicity.

Plain Language Summary In recent years, both oil/gas production and earthquake number have
increased in western Texas. This coincidence suggests at least some of the earthquakes are likely related
to the oil/gas production process. We used sequential satellite images to measure surface deformation at
three study sites in the Delaware Basin, western Texas. These three sites show different patterns of surface
deformation and earthquake occurrence: (1) Site 1 has obvious uplift but no earthquakes; (2) Site 2 has
little subsidence but many earthquakes; (3) Site 3 has signiﬁcant subsidence and earthquakes. By analyzing
temporal and spatial correlations between multiple independent data sets and the results of numerical
models, we found the likely causes of the deformation and elevated earthquakes: (1) Surface uplift at Site 1 is
due to ﬂuid injection; (2) surface subsidence and earthquakes at Site 2 are probably related to groundwater
withdrawal and ﬂuid injection, respectively; and (3) the obvious surface subsidence at Site 3 reﬂects
groundwater withdrawal in the south and oil/gas extraction in the north, while earthquakes are likely
related to ﬂuid injection. Since our model results rely on subsurface media properties, better assessment of
whether an earthquake was or was not induced will require better knowledge of local rock properties.

1. Introduction
The central and eastern United States, an unusual location for earthquakes, have undergone a dramatic
increase in seismicity over the past one to two decades (Ellsworth, 2013; Keranen et al., 2014; Rubinstein
& Mahani, 2015; Weingarten et al., 2015). Many of these recent earthquakes were likely induced by human
activity, such as impoundment of reservoirs (e.g., Johann et al., 2018; Peinke et al., 2006), mining (e.g., Boltz
et al., 2014), ﬂuid injection (e.g., Hincks et al., 2018; Shirzaei et al., 2016; Yeck et al., 2016), and oil and gas
extraction (e.g., Frohlich & Brunt, 2013).
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Oil/gas extraction and ﬂuid injection are the two main forms of mass transport in oil and gas ﬁelds. It has
long been understood that earthquakes can be induced by underground ﬂuid injection, which increases pore
pressure, and can reduce effective normal stress on suitably oriented faults, allowing them to slide under
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preexisting shear stress (Raleigh et al., 1976). Oil and gas extraction can also induce earthquakes by contracting the reservoir rocks, deforming the surrounding rocks, changing local mass distribution, or otherwise
changing the local stress ﬁeld (Hough et al., 2017; Segall, 1989; Yerkes & Castle, 1976). Among published
research papers for earthquakes occurring in and around oil and gas ﬁelds, many more were interpreted
to be related with ﬂuid injection compared to oil and gas extraction.
In addition to seismicity, oil/gas extraction and ﬂuid injection have been reported to cause surface deformation in some ﬁelds. However, surface deformation (unrelated to earthquake offset) and seismicity do not
always co‐occur. Surface deformation and seismicity have been observed together (e.g., Barnhart et al., 2014;
Kim & Lu, 2018; Segall, 1989, 1992; Yerkes & Castle, 1976), but sometimes just one occurs (e.g., Karegar
et al., 2015; Shirzaei et al., 2016; Yang et al., 2015). In some cases, neither surface deformation nor seismicity
are observed despite signiﬁcant oil/gas extraction or ﬂuid injection.
The reasons for this wide range of behaviors are not well understood. Rates of injection or extraction, their
durations and depths, subsurface media properties, and the presence or absence of preexisting weaknesses
are all likely important factors. For example, if injection rate or duration of injection exceeds some threshold,
earthquakes may be induced because the elevated stress is not able to diffuse away quickly enough via aseismic stress release processes (aseismic deformation or pore ﬂuid diffusion). Seismic rate can be 0 or very low
at the beginning of the injection but increase dramatically after several years of ﬂuid injection (e.g., Goebel
et al., 2017; Shirzaei et al., 2016; Walsh & Zoback, 2015). Faults can act as preexisting weaknesses that focus
seismicity (e.g., Yeck et al., 2017; Zhang et al., 2013). Stratigraphic boundaries with large permeability contrast, such as the contact between sedimentary overburden and crystalline basement, can suppress the
spread of induced seismicity into the tighter conﬁning formations by preventing pore pressure propagation
(e.g., Barnhart et al., 2018; Shirzaei et al., 2016; Zhang et al., 2013).
Many studies use only the temporal and spatial correlations between injection/extraction activity and
earthquake occurrence to infer whether the former is the cause of the latter. Here we use numerical models of the physical process to quantitatively assess the relation between induced seismicity and ﬂuid
injection/extraction. We investigated three sites in western Texas (Figure 1). These three sites are relatively close to each other and have similar geological settings, and all have had signiﬁcant oil/gas extraction and ﬂuid injection operations. Time series InSAR (Interferometric Synthetic Aperture Radar) data
are used to measure surface deformation and to estimate media properties and equivalent reservoir deformation (e.g., Shirzaei et al., 2019; Vasco et al., 2008, 2010, 2016; Yang et al., 2015). Coulomb failure stress
changes were calculated to assess whether fault failure was promoted. These data and models allow us to
gain some insight into relations between ﬂuid injection/extraction, reservoir dynamics, and whether or
not earthquakes have been induced above natural background levels.

2. Geological Setting and Seismicity of Study Area
The Permian basin is a large sedimentary basin in western Texas and southeastern New Mexico and is
one of the most proliﬁc oil and gas basins in the United States. The basin is made up of three parts.
From west to east these are the Delaware Basin, the Central Basin Platform, and the Midland Basin.
Most earthquakes in the past century in the Delaware Basin are likely induced, related to petroleum production (Frohlich et al., 2016).
Our three study sites are located in the eastern part of the Delaware Basin (Figure 1a). This is the thickest
part of the basin with a depth of ~6–7 km (Hills, 1984; Robinson, 1988). Based on the geological strata
(Engle et al., 2016; Matchus & Jones, 1984; Sinclair, 2007), we divide the basin into ﬁve layers (Table 1
and Figure 2a). From top to bottom these are (1) Post‐Permian sediments and Ochoan evaporites;
(2) the Delaware Mountain Group; (3) the Bone Spring formation, as well as other Permian,
Mississippian, and Pennsylvanian age strata; (4) Ordovician, Silurian, and Devonian age strata; and (5)
Precambrian basement. Most injection wells in our study area inject into the Delaware Mountain
Group (Figure 2a). The sandstone in this layer helps ﬂuid diffuse relatively quickly, in principle minimizing large pore pressure buildup. Most production wells are in the layer below (Figure 2a). The main rock
type of the production layer is shale, which has relatively low hydraulic conductivity, diffusing ﬂuids
much slower than the upper layer.
DENG ET AL.
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Figure 1. (a) Location map of study area. The base map is cumulative InSAR line‐of‐sight (LOS) deformation from 4 November 2014 to 5 February 2019 using
Sentinel‐1 SAR data. Radar ﬂight and LOS orientations are indicated by black arrows. Positive values (warm color) means motion toward the satellite;
negative values (cold color) means motion away from the satellite. Colored circles indicate the location and time of earthquakes with magnitude ≥2.0,
provided by the TexNet Earthquake Catalog. Dashed boxes show the three study sites. Purple triangle shows the location of Pecos city. Site 1 has obvious surface
uplift but no earthquakes. Site 2 has slight surface subsidence but signiﬁcant earthquake activity. Site 3 has obvious surface subsidence and also earthquake
activity. Gray lines show faults from Ruppel et al. (2005). Red crosses are two GPS stations. (b and c) The comparison between the GPS (black dots)
and InSAR (red dots) time series. The GPS measurements with three components (easting, northing, and up) were converted to radar LOS direction.
The InSAR time series was shifted to match the GPS time series by the mean value of their difference. Standard deviation (STD) of difference between InSAR and
GPS observations are labeled. Note that data of station TXPC is not available after year 2017. GPS data were downloaded from the Nevada Geodetic Laboratory
(http://geodesy.unr.edu/).

Table 1
Simpliﬁed Vertical Structure of the Eastern Delaware Basin (Engle et al., 2016; Matchus & Jones, 1984; Sinclair, 2007) and Hydraulic Parameters Used in This Study
Layer depth (km)
0.0–1.5
1.5–2.7
2.7–5.5
5.5–6.5
>6.5

Site 1
Sites 2 and 3
Site 1
Sites 2 and 3
Sites 1, 2, and 3
Sites 1, 2, and 3
Sites 1, 2, and 3

Main rock type
Halite, Andydrite
Sandstone
Shale
Limestone
Basement

K (m/s)
−8

2 × 10
−9
1 × 10
−8
2 × 10
−7
1 × 10
−9
1 × 10
−8
1 × 10
−10
1 × 10

Ss(m

−1

)

−7

4 × 10
−7
1 × 10
−7
4 × 10
−7
1 × 10
−8
1 × 10
−7
1 × 10
−8
1 × 10

2

D (m /s)

B

Relative ease of transporting ﬂuid

0.05
0.01
0.05
1.0
0.1
0.1
0.01

6.5
0.9
6.5
0.9
0.9
0.9
0.9

Medium
High
Medium
High
Low

Note. K is hydraulic conductivity, Ss is speciﬁc storage, D is hydraulic diffusivity, B is Skempton ratio. The last column indicates the relative ease of ﬂuid transport
in each layer.
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Figure 2. (a) Depth distribution of production wells (yellow triangles) injection wells (green triangles), and earthquakes (red dots) at our three study sites
(highlighted in gray). The ﬁve model layers (Table 1) are labeled. (b, c, and d) Depth histograms of earthquakes (green bars) and ﬂuid injection volume from
2007 to early 2019 (black bars) at Sites 1, 3, and 2, respectively. Earthquakes from the TexNet catalog with magnitude ≥0 from January 2017 to March 2019 are
used. Note that panel order on the right‐hand side matches the geographic order of the left‐hand side.

According to the USGS (United States Geological Survey) ANSS (Advanced National Seismic System) earthquake catalog, no earthquakes were reported before 2010 at any of our three study sites. Earthquake rates at
Sites 2 and 3 increased dramatically in the past several years (Figures 3b–3e). The recent increase in seismicity resulted in a signiﬁcant expansion of the seismic networks, lowering the magnitude of completeness and
improving location precision relative to the USGS ANSS catalog (Savvaidis et al., 2019; supporting information Figure S1). We use the local earthquake catalog provided by TexNet (Savvaidis et al., 2019) for our seismicity analysis. The TexNet earthquake catalog is available from January 2017. A relocated version of these
data is also available (Lomax & Savvaidis, 2019). However, their relocation is based on the assumption that
the seismicity is more likely due to hydraulic fracturing than saltwater disposal. To avoid biasing our results,
we use the original data. The earthquakes from the TexNet catalog show similar spatial distribution pattern
when magnitude threshold is 0 and 2 (Figures 1a, 2, S2, and S3). To reduce calculation burden, unless otherwise noted, the earthquakes used below are from the TexNet catalog with magnitude ≥2.0 from January
2017 to March 2019.
Oil and gas production has also been increasing in the past several years, accompanied by increasing rates of
underground ﬂuid injection (Figures 3a–3c). The total number of earthquakes in a given region (Sites 1, 2,
and 3) shows a positive relation with the total injection volume (Figures 2b–2d). The spatial and temporal
coincidence between the earthquakes and oil and gas production suggests the latter may be the cause for
the earthquakes (Skoumal et al., 2020).

3. Methods
3.1. InSAR Time Series Processing
ALOS (January 2007 to March 2011, path 190 frame 610) and Sentinel‐1 A/B (November 2014 to February
2019, path 78 frames 99–100) SAR (Synthetic Aperture Radar) data were used for surface deformation
measurement and were processed separately. The Small Baseline Subset (SBAS) method (Berardino
et al., 2002) was used to generate InSAR line‐of‐sight (LOS) time series. The GMTSAR software
(Sandwell et al., 2011a, 2011b) was used for interferogram generation, phase unwrapping, and georeferencing. Thirty‐meter SRTM (Shuttle Radar Topography Mission, Farr et al., 2007) digital elevation model
(DEM) was used to remove topographic effects. The GIAnT software (Agram et al., 2013, 2016) was
DENG ET AL.
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Figure 3. Total monthly ﬂuid injection rate, oil production rate, and earthquake occurrence (a–c) and the cumulative number of earthquakes (d, e) for Sites 1 (a),
2 (b, d), and 3 (c, e). Note that Site 1 has no earthquakes. Earthquakes from both the TexNet and USGS ANSS catalogs are shown. The USGS catalog is roughly
complete at M ≥ 2.5 (note the similar trend of the green and black lines in d and e) but contains almost no smaller events. The TexNet catalog has a lower
magnitude threshold (~1.5; Savvaidis et al., 2019). The gas production rates have very similar trend to the oil production rates and are not plotted here. BBL means
3
barrels (1 barrel = 0.159 m ) of saltwater/oil calculated at 60 °F (15.56 °C). In this study oil production means crude oil produced from oil wells and condensate
(hydrocarbon liquid) produced from gas wells. Gas production means gas produced from oil and gas wells. The injection data at Site 1 were not updated by
publication time.

used to reduce the tropospheric effect using the ECMWF weather model and to generate deformation
time series. Two GPS (Global Positioning System) stations (Blewitt et al., 2018) are available around
our study area (Figure 1a). The standard deviation of difference between the InSAR time series and the
correspondingly closest GPS measurements is ~1 cm (Figures 1b and 1c).
3.2. Modeling of Pore Pressure Change and Deformation
We assume the media have both porous and elastic properties. Depending on the study site, either these
properties were considered together (poroelastic), or only one was considered, depending on reservoir behaviors, assumptions, and calculation burdens, as described below.
3.2.1. Coupled Modeling of Pore Pressure Change and Deformation in Poroelastic Media
In poroelastic theory, the governing equations relating displacement u and pore pressure change p are (from
Wang & Kümpel, 2003; Zhai & Shirzaei, 2018)
G
∇ð∇·uÞ − α∇p ¼ f ðx; t Þ
1 − 2υ

(1)

∂p
∂ð∇·uÞ
þα
− ∇·ðχ∇pÞ ¼ qðx; t Þ
∂t
∂t

(2)

G∇·∇uþ
Q−1

where G is shear modulus, υ is drained Poisson ratio, α is Biot effective stress coefﬁcient, Q−1 is bulk compressibility (Biot modulus), χ is Darcy conductivity (note that this differs from hydraulic conductivity K), f
is the body force per unit volume acting on the solid matrix, and q is the ﬂuid volume injection/extraction
rate. f and q are functions of spatial position x and time t.
DENG ET AL.
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We use the numerical solution provided by Wang and Kümpel (2003) to solve the above coupled poroelastic
model and calculate the transient pore pressure change and deformation in a multilayer poroelastic half
space due to ﬂuid injection/extraction of a point source. Five independent parameters, G, υ, undrained
Poisson ratio υu, hydraulic diffusivity D, and Skempton coefﬁcient B, are needed for the calculation. Other
parameters in equations 1 and 2 can be determined using these ﬁve parameters (Kümpel, 1991; Wang
& Kümpel, 2003).
3.2.2. Modeling of Pore Pressure Change Without Considering Deformation in Porous Media
The calculation burden of the above coupled model can be very high when there are hundreds to thousands
of inputs (injection/extraction wells) and outputs (simulated pore pressure change and deformation at earthquake hypocenters). When deformation is relatively small or could not be well explained by point sources,
we calculate only the pore pressure change using the MODFLOW‐2005 software (Bakker et al., 2016;
Harbaugh, 2005) without considering deformation. MODFLOW is the USGS's modular ﬁnite‐difference
hydrologic model. It is commonly used for pore pressure simulation due to its ﬂexibility and speed (e.g.,
Zhang et al., 2013, 2016; Keranen et al., 2014; Hornbach et al., 2015; Ogwari & Horton, 2016; Ogwari
et al., 2018; Brown et al., 2017; Brown & Ge, 2018; Goebel et al., 2017; Nakai et al., 2017; Hearn et al., 2018).
It solves the three‐dimensional movement of ground water of constant density in heterogenous and anisotropic porous media (from Harbaugh, 2005):






∂
∂h
∂
∂h
∂
∂h
∂h
K xx
þ
K yy
þ
K zz
þ W ¼ Ss
∂x
∂x
∂y
∂y
∂z
∂z
∂t

(3)

where Kxx, Kyy, and Kzz are the principal components of hydraulic conductivity, Ss is the speciﬁc storage, W is
the volumetric ﬂux per unit volume representing sources of ﬂuid, h is hydraulic head, and t is time. In general, Ss, Kxx, Kyy, and Kzz are functions of space, and W is a function of space and time. Hydraulic head
change can be converted to pore pressure change by
p ¼ ρgΔh

(4)

where ρ is the density of the ﬂuid, and g is the gravitational acceleration. ρ is set to 1,000 kg/m3 in our model.
Multilayer heterogenous and isotropic (i.e., Kxx = Kyy = Kzz) media are used in our MODFLOW model
(Table 1). Hydraulic conductivity K is related to hydraulic diffusivity D and speciﬁc storage Ss by the relation
K ¼ DSs

(5)

Deformation is not considered in MODFLOW. We have tested that for a point source causing relatively small
surface deformation (<5 mm in our case), the simulated pore pressure changes using MODFLOW and the
coupled poroelastic model (Wang & Kümpel, 2003) have the same order of magnitude (Figure 6c).
3.2.3. Modeling of Deformation in Elastic Media
Publicly available data about the geometry and physical, chemical, and thermal properties of the reservoirs in our study area are limited. When the observed InSAR deformation could not be well explained
by ﬂuid injection/extraction due to point sources (e.g., surface deformation due to a point source should
have a simple radial pattern), we consider the simpler elastic case by imagining a ﬁnite reservoir
embedded in an elastic medium. We use the Okada solution (Okada, 1992) to model the equivalent
source strength, which causes the same magnitude of surface deformation as the real complex source.
This is a simpliﬁed process; the inverted source does not necessarily have a physical relation to the
real reservoir.
Horizontal Okada patches with uniform grid size are placed at the average depth of production (for surface subsidence) or injection (for surface uplift) wells. The observed surface deformation is assumed to be
caused by the Okada tensile dislocation (perpendicular to the Okada patches). The tensile dislocation of
each Okada patch is inverted by best ﬁtting the observed InSAR deformation. The InSAR observation in
the target area is down‐sampled to points with 0.5 km by 0.5 km interval. Points with 1 km by 1 km interval with a deformation value of 0 were added as background observations beyond the target area to avoid
edge effects. A Gaussian ﬁlter with a window size of 0.3 years is used to ﬁlter the InSAR time series for
every pixel/location (Figure S4a). A smoothness constraint (Tikhonov regularization) is applied to the
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inversion to make sure that the inverted tensile dislocation of each patch does not change abruptly compared to adjacent patches (Menke, 2018). A simple L curve is used to ﬁnd the best trade‐off between
smoothness and misﬁt (Hansen, 1999) (Figure S4b). For each time slice of the SAR data, we apply the
above inversion to solve for the tensile dislocation of every patch relative to the ﬁrst time slice (taken
as the reference, deformation is 0). Similar Okada tensile models have been used to invert the source
dynamics (e.g., volumetric strain) based on surface deformation due to ﬂuid withdrawal (Mossop &
Segall, 1999) and injection (Kim & Lu, 2018; Shirzaei et al., 2016).
Some studies suggest that the homogeneous assumption can result in inaccurate estimates of the source
strength (e.g., Hearn & Bürgmann, 2005; Vasco et al., 2010). Our assumed source has a simple geometry,
a horizontal plane with pure tensile deformation. Numerical tests with this source using the homogenous
Okada model show that the calculated deformation is not very sensitive to values of the shear modulus or
Poisson's ratio within reasonable limits (Figure S5). Since knowledge of the media properties in the study
area is limited, we opted to use the simpliﬁed approach described above. The calculated Coulomb stress
change due to our assumed source using the homogeneous and heterogeneous models should have the same
order of magnitude unless the elastic parameters differ signiﬁcantly. Moreover, the sign of the Coulomb
stress change will not be affected. Hence, the homogeneous Okada model is adequate for the purposes of
our study: (1) to determine whether failure is promoted at faults, that is, whether the sign of the Coulomb
stress change is positive); and (2) to determine the main contributor to abnormal earthquakes, Coulomb
stress change due to reservoir compaction (oil/gas extraction) or pore pressure increase due to ﬂuid injection. The order of magnitude of the calculated stress/pressure change rather than the exact value is sufﬁcient
for these determinations.
3.3. Coulomb Failure Stress Calculation
We calculate the Coulomb failure stress (CFS) change at the time and hypocenter of a certain earthquake to
assess if the earthquake is likely induced or not. Considering the effect of pore pressure change, the CFS
change Δτ is (e.g., Zhai & Shirzaei, 2018)
Δτ ¼ Δτ s þ μðΔσ n þ pÞ ¼ ðΔτ s þ μΔσ n Þ þ μp

(6)

where Δτs is the change in shear stress (positive when sheared in the direction of fault slip), Δσn is the
change in normal stress (positive if the fault is unclamped), μ is the coefﬁcient of friction on the fault, and
p is the pore pressure change (positive when pore pressure increases). The presence of excess pore pressure
decreases the effective normal stress, bringing the fault closer to failure. Positive CFS change favors fault slip.
To calculate CFS change due to the tensile dislocation of Okada patches, the software Coulomb 3.3 (Lin &
Stein, 2004; Toda et al., 2005, 2011) was used. The input parameters for Coulomb 3.3 include the size, location and dislocation of each Okada patch, Poisson's ratio, Young's Modulus, friction coefﬁcient, and location
and orientation of receiving faults. We calculate Δτs+μΔσn (the CFS change without the part of pore pressure change) at each earthquake hypocenter for all SAR slices based on the inverted Okada patch dislocations. The calculated stress change of the slice whose timing is closest to the time of a certain earthquake
is taken as the stress change for that earthquake. For every earthquake, Δτs+μΔσn due to all orientations
(different combinations of strike, dip, and rake angles of a fault) in 5° intervals is calculated.

4. Results
The main results of our study are summarized in Table 2 and described below.
4.1. Site 1
Produced water during oil and gas extraction is usually injected underground for disposal. At Site 1, surface uplift was observed around several injection wells (Figure 4a). The injection depth of most wells is
~2 km below the land surface (BLS) (Figure 2a). The maximum cumulative surface deformation happens
at the well with the maximum injection volume and rate (Figure 4a). The trends in the deformation time
series match very well with the monthly injection rate (Figure 4b), suggesting that the observed surface
deformation is likely caused by this well. Surface uplift was observed after injection started. Uplift rate
decreases and even turns negative when injection rate decreases. Note the several‐month delay in the
DENG ET AL.
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Table 2
Deformation, Earthquakes, and Their Likely Causes and Modeling Schemes at Our Three Study Sites
Site #

Activity

1
2
3

North
South

Fluid injection,
oil and gas
extraction at all 3 sites

Surface
deformation

Earthquakes

Main reason
for deformation

Main reason
for earthquakes

Uplift

No

Fluid injection

N/A

Slight subsidence

Yes

Fluid injection

Subsidence

Yes

Groundwater
withdrawal
Gas extraction
Groundwater
withdrawal

Coupled poroelastic model
(Wang & Kümpel, 2003)
MODFLOW

Fluid injection
N/A

MODFLOW, Okada (1992)
N/A

Modeling scheme

Note. “N/A” means “not applicable.”

appearance of the local minimum and maximum in the InSAR time series compared to the changes of the
injection rate (Figure 4b). The spatial and temporal agreement suggests that the surface uplift is caused by
the ﬂuid injection.
We modeled the surface deformation and pore pressure change at the well with the maximum injection
volume using a multilayer (ﬁve‐layer) model (Matchus & Jones, 1984; Engle et al., 2016; Sinclair, 2007;

Figure 4. Comparison between observed surface deformation, injection rate, simulated surface deformation, and simulated surface pore pressure at Site 1
(Figure 1a). (a) Zoomed‐in view of cumulative InSAR (Sentinel‐1) LOS surface deformation from 4 November 2014 to 5 February 2019. Injection wells and
their accumulated injection volume are shown with colored triangles. The maximum surface deformation happens at the well with the maximum
injection volume (circled). Note that no seismicity is reported at this site by the time of this study. (b) Time series of InSAR LOS deformation (red circles) and
available monthly injection rate (black bars, from the Railroad Commission of Texas [Texas RRC]) at the injection well with the maximum injection volume. Blue
dots on the horizontal axes indicate an injection rate of 0, which is used to distinguish 0 from nonavailable data (void value). Yellow and green lines are simulated
surface LOS deformation and surface pore pressure changes at the location of the well with the best ﬁt hydraulic parameters for Model Layers 1 and 2 (Table 1),
which allow the simulated deformation to match the trends and magnitude of the observed InSAR deformation.
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2

Figure 5. Sensitivity analysis of hydraulic diffusivity D (m /s) and Skempton ratio B (unitless) in Layers 1 and 2 using the coupled poroelastic model
(Wang & Kümpel, 2003) at Site 1 (Figure 4b). The simulated surface deformation was scaled to the observed InSAR deformation by a ratio (the maximum
simulated deformation divided by the maximum observed deformation) for trend comparison. D affects both the trend and magnitude of the simulated
deformation (a, b). B only affects the magnitude (c, d). The green lines are the simulated surface pore pressure changes.

Table 1) assuming poroelastic behavior. The numerical solution to the coupled model developed by Wang
and Kümpel (2003) was used for the calculation. Only the injection activity of the well with the maximum
injection rate and volume is considered. Contribution to the surface deformation from adjacent wells is considered to be small (Figure S6).
While our model agrees closely with the observations (Figure 4b), the result is sensitive to assumed values of
rock properties. These can be constrained in a relative sense based on laboratory values for rock types in the
different stratigraphic layers (Table 1, Dufﬁeld, 2019). We ﬁx the parameters for Layers 3–5 (the layers below
the injection layer) and adjust parameters for other layers. Shear modulus and drained and undrained
Poisson's ratios are set to 2×1010 Pa, 0.25, and 0.45, respectively, for all layers. For Site 1, we treat Layers 1
and 2 as a single layer and consider their average effect in the model.
The parameter values of hydraulic diffusivity D and Skempton ratio B are estimated by inverting to match
trends and magnitudes in the observed InSAR time series. When using different values for D and B, we
notice that D affects both the trend (slope of the curve) and magnitude of the simulated deformation time
series (Figures 5a and 5b), while B only affects the magnitude (Figures 5c and 5d). With a smaller D, the
simulated deformation is larger and has a longer time lag corresponding to the change of injection rate.
The ﬁnal value for D (0.05 m2/s) was determined by matching the trend of the InSAR time series judged
by eye. We then ran the model multiple times using different values for B. The ﬁnal value for B (6.5) was
the one that best matched the maximum simulated deformation and maximum observed deformation in
the time series.
The simulated pore pressure changes show a slower response to changes in the injection rate compared to
the simulated deformation (Figure 4b). The elastic interaction due to ﬂuid injection or withdrawal is instantaneous, while the transport of pore ﬂuid due to pore pressure change follows the diffusion law and is
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Figure 6. (a) Sentinel‐2 optical image acquired on 25 February 2019 of Site 2. Yellow and green triangles show the location of production and injection wells.
The white‐circled well has the maximum injection volume in this area and is used in (c). (b) Cumulative surface LOS deformation from 4 November 2014
to 5 February 2019 using Sentinel‐1 SAR data. Black circles show earthquake locations and magnitudes. Red dots show the locations of sample points used in
Figure 7. Blue diamond shows the location of the groundwater well. The farm land causes data gap in the InSAR data due to low coherence. (c) Green and
yellow lines are the simulated surface pore pressure change and surface deformation at the location of the well with the maximum injection volume in this area
(the white‐circled well in a) using the coupled poroelastic model (Wang & Kümpel, 2003). The purple line is the simulated surface pore pressure change using the
MODFLOW model. The temporal bounds of the InSAR time series and seismicity catalog used are indicated.

delayed (Wang & Kümpel, 2003). Therefore, the poroelastic deformation has a time lag, and the time lag is
shorter compared to the pore pressure change.
No earthquakes have been reported in this area at the time of this study. The calculated maximum pore pressure changes due to the well with the maximum injection volume at locations 1, 3, and 5 km away (vertical
distance) from the injection location are 5.4, 0.4, and 0.1 MPa, respectively. Although these values have the
potential to induce earthquakes, no earthquakes are reported. No faults at depth are a possible explanation
for the absence of earthquakes (no surface faults are mapped at this location). Other studies (e.g., Karegar
et al., 2015; Shirzaei et al., 2016; Yang et al., 2015) also observed surface uplift due to ﬂuid injection but
no earthquakes close to the injection location. Further studies are needed to see if this phenomenon is a coincidence, and if not, what the geomechanical reasons are. Note, however, that total injected volume at this
site is much lower compared to our other two study sites, where signiﬁcant seismicity occurs (Figures 2
and 3).
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Figure 7. Time series of Sentinel‐1 InSAR LOS deformation and monthly oil relative production rates (Text S1; Scott, 2015) at sample points (Figure 6b) at Site 2.
The monthly gas relative production rates have very similar trend (Figure S7) and are not plotted here.

4.2. Site 2
Surface subsidence was observed near agricultural land at Site 2 (Figures 6a and 6b). The subsidence
occurred before increased oil and gas production (e.g., Sample Point 3 in Figures 6b and 7), and the surface
deformation rate was not affected by changes in the oil and gas production rate. Only one groundwater well
with three water level measurements from Years 1988 to 2010 is available here (Figure 6b and Table S1). The
measurements suggest that water level decreased ~18 m during this period. Other areas at Site 2 do not show
obvious surface deformation (e.g., Sample Points 1–2 and 4–9 in Figures 6b and 7). Hence, the observed surface subsidence is likely caused by groundwater withdrawal for irrigation instead of oil and gas production.
Although some injection wells at Site 2 have similar magnitude of injection rate/volume to Site 1, no obvious
surface uplift is observed.
Signiﬁcant earthquake activity has been reported at Site 2 (Figures 1a, 3b, and 3d). To see whether this might
be due to pore pressure changes associated with injection, we simulated the 3‐D pore pressure change due to
ﬂuid injection at the time and hypocenter of earthquakes using MODFLOW. The model cell size is set to
0.5 km (length) by 0.5 km (width) by 0.1 km (depth). The model has ﬁve layers (Table 1). Its top and bottom
depths are 0 and 10 km, respectively. Well injection rate is assumed to be 0 after the last available data even
though some injection activities may have continued. In addition to well injection location and rate, media
properties, hydraulic conductivity K, and speciﬁc storage Ss are essential inputs in the model. The temporal
and spatial correlation between the ﬂuid injection activity and earthquake occurrence suggests a scenario
whereby earthquakes may be induced by pore pressure increases due to ﬂuid injection (Skoumal et al., 2020).
We assume that ~0.1 MPa (1 bar) excess pore pressure, an empirical value, is needed to induce earthquakes.
Previous studies suggested that anthropogenic stress changes of ~1 bar are sufﬁcient to trigger earthquakes
(e.g., Hornbach et al., 2016; Hough et al., 2017; Keranen et al., 2014; Segall et al., 1994). Thresholds with similar magnitude are commonly suggested for natural and naturally triggered earthquakes (e.g., Reasenberg &
Simpson, 1992; Saar & Manga, 2003; Stein, 1999). Other studies have suggested that stress change of ~0.1 bar
or even smaller can also trigger earthquakes (e.g., Cochran et al., 2004; Hainzl et al., 2006). To reach ~1 bar
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Figure 8. Simulated pore pressure changes at earthquake hypocenters (colored circles) due to ﬂuid injection (green triangles) at Sites 2 (a, c) and 3 (b, d) using
parameters in Table 1. Only earthquakes with magnitude ≥2.0 and depth (BLS) ≤ 9 km are plotted. Dashed black lines in (c) and (d) indicate the
approximate depth of the basin bottom (from Robinson, 1988). Note the different scales of color bars.

pore pressure change, we adjust the hydraulic parameters for Layers 1, 2, 4, and 5, while Layer 3 is ﬁxed as
the reference. The ﬁnal parameters used in the model are given in Table 1.
MODFLOW does not consider deformation. To assess how the simulated pore pressure might be biased, we
compared the simulated pore pressure changes due to the well with the maximum injection volume at Site 2
using both MODFLOW and the coupled poroelastic model (Wang & Kümpel, 2003) (Figure 6c). Parameters
in Table 1 were used. The poroelastic model suggests that the maximum surface uplift is ~5 mm (Figure 6c),
similar to the level of noise in the InSAR data (Figures 1b, 1c, and 7). The simulated pore pressure changes
using the above two models have the same order of magnitude. These suggest that our modeling scheme,
using MODFLOW to simulate pore pressure changes in areas with no obvious surface deformation related
with ﬂuid injection, is acceptable.
In general, the closer an earthquake to the injection layer, the higher the simulated pore pressure change
(Figures 8c and 8d). The simulated pore pressure changes at most earthquake hypocenters are ~0.05 to
0.3 MPa (0.5 to 3 bars) at Site 2 (Figures 8a and 8c). The adjusted values of the hydraulic parameters are
reasonable for the range of rock types in this area (Table 1, Dufﬁeld, 2019), so the hypothesis that these
earthquakes may be related to pore pressure changes associated with ﬂuid injection is reasonable, though
of course not proven.
4.3. Site 3
Signiﬁcant surface subsidence was observed at Site 3 near the city of Pecos (Figures 9a and 9b). Ground subsidence over 200 mm was observed between 1935 and 1956 in the vicinity of Pecos using leveling data
(Rosepiler & Reilinger, 1977). Subsidence was accompanied by water level decreases in groundwater
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Figure 9. InSAR LOS deformation rate map calculated by ﬁtting the time series using a simple linear model (a, b) and oil
and gas relative production density map (c, d) at Site 3. ALOS data were used for the period January 2007 to March 2011
(a), and Sentinel‐1 data were used for the period November 2014 to February 2019 (b). The blue and green dashed
polygons show the extent of the northern and southern parts, respectively. (c and d) The relative production density
map (Text S1; Scott, 2015) of the accumulated oil and gas production for the period of the Sentinel‐1 data.
Black circles show earthquakes. Purple triangle shows the location of Pecos city.

wells, likely due to excessive groundwater withdrawal (Rosepiler & Reilinger, 1977). Local water levels have
partially rebounded since then (Boghici, 2008; Bruun et al., 2016), although continued declines have been
observed at some wells, perhaps reﬂecting continued water withdrawals in some areas.
Oil and gas extraction increased dramatically in the past several years in this area (Figure 3c), which may
also contribute to the observed surface subsidence. Combining InSAR deformation time series, water level
observations (Figures 9a, 10, S8, and S9), and oil/gas production records, we can divide Site 3 into two parts:
the northern part, where subsidence is likely related to oil and gas extraction, and the southern part, where
ground water withdrawal is likely the main cause (Figure 9). Subsidence in the south was present in the
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Figure 10. Time series of InSAR LOS deformation, ground water level (BLS) and monthly oil relative production rate (Text S1; Scott, 2015) at groundwater wells
at Site 3 (Figure 9a). Well ID is labeled. The letter “N” or “S” indicates groundwater wells in the northern or southern parts. The monthly gas relative production
rates have very similar trend to the oil production rates and are not plotted here.

ALOS data (January 2007–March 2011), and the subsidence rate remains almost the same in the later
Sentinel‐1 data (November 2014 to February 2019) (Sample Points 11–16 in Figure 11). The surface
deformations have trends similar to the observed ground water levels (Figure 10). Most areas in the north
do not show obvious surface subsidence in the ALOS data but do exhibit subsidence in the later
Sentinel‐1 data (e.g., Sample Points 1–10 in Figures 9b and 11). The subsidence rate in the north shows
both temporal and spatial correlation to the oil and gas production rate, especially gas production
(Figures 9b–9d and 11). Due to the temporal data gap between the ALOS and Sentinel‐1 data, the ALOS
time series was extrapolated to match the Sentinel‐1 time series assuming simple linear behavior.
As with Site 2, we simulated the 3‐D pore pressure change due to ﬂuid injection using MODFLOW for Site 3,
using the same parameters (Table 1). The simulated pore pressure changes at most earthquake hypocenters
are ~2–20 bars (Figures 8b and 8d), clearly large enough to explain the earthquakes.
As discussed above, subsidence in the northern part of Site 3 is likely caused by the oil and gas extraction. A
production well is identiﬁed as an oil well, gas well, or oil/gas well based on its dominant type of produced
hydrocarbon. Usually, no matter how the well is classiﬁed, it produces both oil and gas. Most production
wells at Site 3 are identiﬁed as oil wells, having a depth of ~3.5 km (Figures 2a, S11, and S12). However, based
on the spatial pattern of observed surface subsidence and oil and gas production density maps
(Figures 9b–9d), the subsidence is more likely related to the gas rather than oil extraction. Considering the
complex phase change of gas during the production, to simplify the process, we use the Okada model
(Okada, 1992) to represent the equivalent source strength, which can generate the same magnitude of surface
deformation as the real complex source.
Horizontal Okada patches at a depth of 3,360 m (average production well depth BLS, Figures 2a and S11) in a
homogeneous and isotropic elastic half space were assumed. Figure 12b shows the down‐sampled InSAR
observation (0.5 km by 0.5 km interval) in the northern part of Site 3. Points with 1 km by 1 km interval
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Figure 11. Time series of InSAR LOS deformation and monthly oil relative production rate at sample points at Site 3 (Figure 9b). Points 1–10 are located in the
northern part (labeled “N”). Points 11–16 are located in the southern part (labeled “S”). The monthly gas relative production rates have very similar trend
(Figure S10), and are not plotted here.

with a deformation value of 0 were added as background observation beyond the study area. The Okada
tensile dislocation is constrained to be closing for all patches, that is, the tensile dislocations of all patches
have the same (negative) sign. Nonpositive least squares were used for the inversion. For each time slice
of the Sentinel‐1 data, we inverted tensile dislocation relative to the ﬁrst time slice (taken as the reference,
deformation is 0) (Figure 12a).
We calculated the Coulomb stress change Δτs+μΔσn due to the tensile dislocation of Okada patches at
the earthquake hypocenters for all Sentinel‐1 InSAR slices. Poisson's ratio = 0.25, Young's
Modulus = 2 × 1010 Pa, and friction coefﬁcient = 0.4 were used. The calculated stress change of the time
slice whose timing is closest to the timing of a certain earthquake is taken as the stress change for that
earthquake. For every earthquake, stress changes based on all orientations (different combinations of
strike, dip, and rake angles of a fault) in 5° intervals were calculated. Without considering the real orientation of faults, the maximum Δτs+μΔσn at the time and hypocenter of earthquakes can reach ~0.01–
0.1 MPa (0.1–1.0 bar) (Figure 13a and 13b). This has the potential to induce earthquakes. However, it
is much smaller than the Coulomb stress change μp due to the pore pressure change (Figures 8b and 8d).

5. Discussion
5.1. Pore Pressure Change Due to Both Fluid Injection and Extraction at Sites 2 and 3
Currently we have very limited knowledge about the permeability of the reservoir and surrounding rocks.
Pore pressure changes due to oil and gas extraction are not considered in the above simulations using
MODFLOW. This is based on the assumption that the reservoir's boundary has extremely low permeability,
so that there should be almost no ﬂuid exchange between the reservoir and surrounding rocks (otherwise it

DENG ET AL.

15 of 22

Journal of Geophysical Research: Solid Earth

10.1029/2019JB018962

Figure 12. Inversion of Sentinel‐1 InSAR deformation using Okada solution for subsidence in the northern part of Site 3 (Figure 9b). The last slice of the
Sentinel‐1 observation is used here as an example. (a) Inverted tensile dislocation of each Okada patch. Negative value means closing. The black grid shows
the geometry of the Okada patches. (b) Down‐sampled InSAR LOS observation after Gaussian ﬁltering. (c) Simulated surface LOS deformation. The northern and
southern parts are marked with blue and green dashed polygons for reference.

would not be a very good oil/gas reservoir). The pore pressure change outside the reservoir due to ﬂuid
extraction will therefore be quite small.
However, if the ﬂuid exchange between the reservoir and surrounding rocks is nonnegligible, the pore pressure changes due to ﬂuid extraction may change the result signiﬁcantly. Possible reasons for this could
include faults or natural ﬁssures reactivated by human activities, for example, hydraulic fracturing or casing
damage of wells. Assuming the reservoir has the same media property as the background rock, we rerun the
pore pressure simulation for Sites 2 and 3 considering both ﬂuid injection and extraction using parameters in
Table 1. Since most wells in these two sites are oil wells, the effect of gas extraction is not considered. The oil
production rate reported by the RRC does not include produced water (a byproduct of oil and gas extraction,
usually reinjected). We use a water‐to‐oil ratio of 4 (Figures 3a–3c) for all wells to estimate the amount of the
produced water along with the oil and gas production. In contrast to ﬂuid injection, ﬂuid extraction
decreases pore pressure and generally inhibits fault slip. The simulated pore pressure changes at most earthquake hypocenters are still positive at Site 3 (Figure 14b), favoring fault slip. However, at Site 2 the pore pressure changes associated with most earthquakes become negative (Figure 14a).
5.2. What Contributes to Coulomb Failure Stress Change at Site 3?
The above simulation suggests that at Site 3 the Coulomb stress change μp due to pore pressure change
(Figure 8b, 8d, and 14b) is several tens of times larger than the stress change Δτs+μΔσn due to reservoir compaction (the simulated tensile dislocation of Okada patches) (Figure 13a). However, simulated pore pressure
change can vary greatly depending on the hydraulic parameters, which are poorly known. For example, if we
change Layer 3's hydraulic conductivity from 1 × 10−9 to 1 × 10−10 m/s and diffusivity from 0.1 to 0.01 m2/s,
with other parameters remaining the same, the modeled pore pressure change at earthquake hypocenters
decreases to ~10% and ~40% of the original pore pressure change at Site 2 (Figures 8c and 14c) and Site 3
(Figures 8d and 14d), respectively. For Site 3, μp is still much larger than the Δτs+μΔσn.
The orientation of the receiving fault also signiﬁcantly affects the calculated Coulomb stress change Δτs
+μΔσn. The state of stress analysis in Texas suggests that at Site 3 the maximum horizontal stress (Shmax)
has an orientation of ~120° (NW‐SE) with a faulting regime of normal slip to normal/strike slip (Lund
Snee & Zoback, 2016, 2018). With this constraint, we calculated Coulomb stress changes Δτs+μΔσn for different possible combinations of strike, dip, and rake angles. Figures 13c and 13d are two examples, while
other combinations give similar results (Table S2 and Figure S13). For about half of the earthquakes, the sign
of Δτs+μΔσn goes from positive to negative. The magnitude of the stress change for the remaining earthquakes becomes smaller. In this case the pore pressure change contributes even more to fault failure.
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Figure 13. (a) Maximum possible Coulomb stress change Δτs+μΔσn at earthquake hypocenters, Site 3. (b) Corresponding focal mechanisms of the maximum
Coulomb stress changes shown in (a). (c and d) The Coulomb stress change assuming certain fault orientations. Failure is promoted when Coulomb stress
change is positive. The background image is the cumulative LOS deformation from Sentinel‐1 data. The northern and southern parts are marked with blue and
green dashed polygons for reference. The inserts in (a), (b), and (d) are histograms of the Coulomb stress changes at earthquake hypocenters.

Surface deformation and seismicity at Site 3 have patterns that are similar in some respects to what has been
observed in the Raton Basin, along the Colorado‐New Mexico border, where coal bed methane extraction is
accompanied by signiﬁcant wastewater injection. Spatial and temporal correlations (Rubinstein et al., 2014)
and numerical modeling of pore pressure changes (Nakai et al., 2017) suggest that the majority of seismicity
in the Raton Basin since 2001 is induced by wastewater injection. Some surface subsidence is also observed
(Barnhart et al., 2014) and may reﬂect hydrocarbon withdrawal.
5.3. How Do Depth Uncertainties of Seismicity Affect the Result?
The calculatedmagnitude of pore pressure declines dramatically with distance from the injection site.
Therefore, the injection location and the pore pressure calculation location (earthquake hypocenters in
our case) are critical parameters in the numerical simulation. The TexNet catalog we used provides the horizontal and vertical (depth) uncertainties of seismic events. The depth uncertainty is about twice as large as
the horizontal uncertainty in our study area (Figure S1). The average depth uncertainties at Sites 2 and 3 are
1.9 and 1.6 km, respectively (Figure S14). Below we assess how these depth uncertainties affect the simulated
pore pressure changes and estimated media properties.
Most earthquakes occurred below the depth of injection at Sites 2 and 3 (Figure 2a). For each earthquake, we
added the depth uncertainty to the event depth. Then, we recalculated pore pressure changes using the
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Figure 14. Simulated pore pressure changes at earthquake hypocenters (colored circles) due to ﬂuid injection and
extraction (a, b), and due to ﬂuid injection only using a lower hydraulic conductivity K for model Layer 3 (c, d) for
Sites 2 (a, c) and 3 (b, d). Note the different scales of color bars.

parameters in Table 1. This provides a lower bound to the simulated pore pressure changes since the further
away from the injection site, the smaller the pore pressure change. At Site 2, the newly simulated pore
pressure changes for most earthquake hypocenters decrease to only a few KPa (Figure 15a). At Site 3, the
pore pressure changes for many earthquake hypocenters still reach 0.1 MPa (1 bar) (Figure 15b).
We tested the sensitivity to the hydraulic conductivity K in the model by increasing K in Layers 4 and 5 by a
factor of 10 while keeping Ss constant (D increases by a factor of 10 based on equation 5). The new values still
fall within the wide range of published values for hydraulic parameters for similar lithologies
(Dufﬁeld, 2019). Using these new parameters, the simulated pore pressure changes at the hypocenters of
most earthquakes (depth uncertainty added) at Site 2 and Site 3 reach 0.05 and 0.5 MPa, respectively
(Figures 15c and 15d), still reaching the assumed threshold (~0.1 MPa) to induce earthquakes. These calculations suggest that even when depth uncertainties of earthquakes are considered, pore pressure changes
due to ﬂuid injection are still likely to be the main cause of the induced earthquakes.
5.4. Comparing the Three Study Sites
Earthquakes at Sites 2 and 3 have a NW‐SE trend, in approximate agreement with the orientation of surrounding faults, but occurred on previously unmapped faults (Figure 1a). In terms of depth, most earthquakes at Site 3 are above the basement, while most earthquakes at Site 2 distribute from the production
layer (shale) to the basement (Figure 2). Sites 2 and 3 have injection wells that have similar or even larger
injection rates compared to the wells at Site 1; however, no surface uplift is observed at Sites 2 and 3.
While our simulations indicate large pore pressure changes at Site 1 (Figure 4b), no earthquakes are
reported. Sites 2 and 3 are close to each other and probably have similar rock properties, but the magnitudes
of earthquakes at Site 2 are, in general, larger than those at Site 3 (Figures 1a and 2a), even though simulated
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Figure 15. Simulated pore pressure changes at the new earthquake hypocenters (colored circles) which were shifted by adding the depth uncertainties
(Figure S14) at Sites 2 (a, c) and 3 (b, d). The top is based on the parameters in Table 1. The bottom used higher (10 times the original value) hydraulic
conductivities K for Model Layers 4 and 5, while Ss remains the same. Note the different scales of color bars.

pore pressure is smaller at Site 2 (Figures 8, 14, and 15). Sites 2 and 3 may have different reservoir properties,
assuming that for both sites earthquakes are induced by increased pore pressure. The reservoir in Site 2 may
have relatively low permeability, limiting ﬂuid exchange with surrounding rocks. These similarities and
differences suggest the importance of local rock structures and properties in predicting the occurrence of
induced earthquakes.
Our study, as well as many others, point to ﬂuid injection as the primary cause of rapidly increasing seismic
rate in West Texas (e.g., Frohlich et al., 2016; Skoumal et al., 2020) and elsewhere (e.g., Hincks et al., 2018;
Keranen et al., 2014; Weingarten et al., 2015), likely due to changes in pore pressure. Ideally these types of
studies will eventually help to establish thresholds for safe ﬂuid injection, below which signiﬁcant seismicity
would not occur. While there is an obvious positive correlation between injected ﬂuid rate/volume and the
number of earthquakes at our three study sites (e.g., Figures 2 and 3), uncertainties in the estimated pore
pressure and incompleteness of the seismic catalog in the early years preclude ﬁrm conclusions. However,
the limited data allow some crude constraints. For Sites 1 and 2, signiﬁcant seismicity does not occur for
injection rates below about 2 million barrels per month. For Site 3, this threshold is about 8 million barrels
per month (Figure 3a–3c). These thresholds may be biased by the site area size. Density maps of ﬂuid injection rate/volume and earthquake distribution at regional scale could be considered for future analysis.

6. Conclusions
Temporal and spatial correlations suggest that recent increases in seismicity in West Texas are likely related
to oil and gas production. We use satellite InSAR time series (ALOS 2007–2011 and Sentinel‐1 2014–2019) to
measure surface deformation at three sites in West Texas and relate it to seismicity, ﬂuid
injection/extraction, and modeled pore pressure changes at depth. At Site 1, uplift is observed but
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seismicity is absent, despite large increases in calculated pore pressure from ﬂuid injection. This may reﬂect
no faults at depth at Site 1. Sites 2 and 3 both experience elevated seismic rates likely associated with
increased pore pressure due to ﬂuid injection, but surface deformation mainly reﬂects shallow ﬂuid withdrawal, either ground water or natural gas.
Similarities and differences between our three study sites suggest the importance of local rock structures and
properties in determining seismic behavior and sensitivity to injection. Combining data on ground
deformation, seismicity, and injection/extraction volumes with numerical models of pressure/stress
change provides a powerful tool to improve our understanding of the relationship between ﬂuid
injection/extraction, reservoir dynamics, and induced seismicity and could lead to better mitigation
strategies. Tighter constraints on media properties from independent data sources, better location of
earthquake hypocenters, and improved 3‐D fault mapping can reduce the uncertainties in these numerical
models and provide better predictions of whether a given oil and gas ﬁeld is prone to induced seismicity and
how it can be reduced.
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